The polymorphic phase of 1,3,5-trinitro-1,3,5-triazine (RDX) was examined as a function of mass loading, solvent, and sample deposition technique. When RDX was deposited at a high mass loading, the vibrational modes in the obtained Raman spectra were indicative of concomitant polymorphism as both the a-RDX and b-RDX phases were present. At low mass loadings, only b-RDX was observed regardless of solvent when using the drop cast crystallization method. However, a-RDX (the thermodynamically stable polymorphic phase observed with visible quantities of the explosive) was observed when RDX deposits were dry transferred. Observation of a-RDX was independent of the initial mass loading or the initial deposition solvent when using the dry transfer methodology. These data indicate that the use of the dry transfer preparation method can be used to successfully prepare RDX-based test articles with the a-RDX phase regardless of the solvent used to initially dissolve the RDX, the initial deposition technique, or the mass loading.
Introduction
The detection of explosives is an extraordinary challenge for analytical science given the wide range of molecules, the complexity of the formulations, and their inherently low vapor pressure. A variety of detection techniques currently exist; however, spectroscopy or optical-based methods hold considerable promise for the standoff detection and identification of contraband material. As a result, opticalbased technologies need to be evaluated on their detection capabilities. Rigorous assessment of optical-based detection methods requires the development of representative and reproducible test articles to ensure an unbiased assessment of the technology. Creating representative test articles for use in a technology assessment is commonly done by controlling a single metric. For example, one method commonly used to prepare test articles, drop cast crystallization (also known as drop-and-dry or direct deposit), enables precise control of mass loading due to the nature of the technique. In this method, a known volume of a solution at a known concentration is deposited onto the surface of a substrate and the solvent is allowed to evaporate. The mass loading of the dried explosive species on the test substrate can be controlled by altering the solution concentration or the deposition volume.
Control of multiple metrics is arduous because solvent parameters/composition, temperature, and substrate surface affect a number of properties, including particle distribution, particle size, adhesion, mass loading, and polymorphic form. For optical-based methods, the control of the crystal phase during test article preparation would be ideal as this capability would allow for the production of a particular polymorphic phase. The capability to control polymorphism is critical for preparing representative optical-based test articles, because different polymorphic phases may produce different optical signatures that must be accounted for when creating a spectral library for identification purposes. 1 When creating a spectral library for an optical-based detection instrument, it is highly desirable that the library-stored spectrum for a particular material (e.g., C-4) correlates to the spectrum that would be obtained for the same material (e.g., C-4) investigated in the field. If the spectra are different because a different polymorphic phase was used to produce the spectrum in the instrument's library, false positives or negatives may result during field analysis.
A variety of explosives (e.g., 1,3,5-trinitro-1,3,5-triazine [RDX]; pentaerythritol tetranitrate [PETN]; Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine [HMX], etc.) and improvised explosive components (e.g., ammonium nitrate) exhibit polymorphism. [2] [3] [4] [5] For example, the explosive RDX can exist in five possible polymorphic states, but only two of the polymorphs (i.e., a and b) are observable under ambient conditions. 3, 6, 7 RDX in the a-phase has an orthorhombic conformation (Pbca space group) and is most commonly encountered because of its thermodynamic stability. 1, 3, 8 The a-RDX molecule adopts a chair conformation in which two of the nitro-groups are in axial positions, while the remaining nitro-group is in an equatorial position, resulting in an approximate C s molecular symmetry. [9] [10] [11] The metastable b-phase of RDX is a conformational polymorph of a-RDX and adopts a chair structure (Pca2 1 space group) with all nitro-groups in axial positions, resulting in an approximate C 3v molecular symmetry. 1, 8, 11, 12 Theoretical and experimental Raman spectra of RDX show multiple characteristic bands that distinguish the a-phase from the metastable b-polymorph.
1,6-13 For example, when RDX is in the b-conformation, a decrease in the number of vibrational modes and changes in the spectral signature such as shifting and disappearance of bands is observed when compared against a-RDX.
14 The symmetrical ring-breathing mode is an example of one band that undergoes a shift and its position has been used as an indication of ring strain. 5, 14 The symmetric ring-breathing mode is located at $883 cm À1 when RDX is in the a-phase but shifts to $877 cm À1 for b-RDX. 1 The change observed in the ring breathing mode and the Raman spectra can therefore be used as a spectroscopic signature for these forms of RDX.
Current research has suggested that the b-polymorph of RDX (as identified via Raman spectroscopy) is the kinetically stable phase and forms preferentially at low mass-loading levels (i.e., 0-10 mg) when using drop cast crystallization and inkjet deposition methods. 5 The b-polymorph of RDX forms preferentially at lower mass loadings as crystallization occurs faster because it requires the smallest change in the Gibbs free energy. This follows Ostwald's rule of stages as kinetics dominate over thermodynamics. [15] [16] [17] Once the b-phase has formed, the smaller metastable crystals of b-RDX will persist for a long duration at standard temperature and pressure if undisturbed.
The metastable nature of the b-polymorph suggests it should convert to the a-phase over time; calculations of the gas-phase activation energy barrier for the interconversion between different RDX isomers are <5 kcal/mol. 18 Assuming first-order kinetics, most of the b-polymorph should convert to the a-phase in approximately 15-30 min. 5 However, in solid-phase experiments, this rapid conversion is unobserved, suggesting the substrate stabilizes the b-RDX. 5, 7 Observation of the metastable b-polymorph appears to be independent of the deposition technique (i.e., drop cast crystallization and inkjet deposition) and substrate (i.e., aluminum-coated glass slides and quartz slides) when at low mass loadings. 1, 5 . The data further support the claim that the b-RDX can be stabilized at low mass loadings, allowing it to persist for extended periods 7 provided there are no traces of the a-form. 8, 14 This is in contrast to the a-phase of RDX, which is stable at room temperature and atmospheric conditions and becomes the predominate form when deposited at higher mass loadings. 1, 5 Previous research has concluded that the polymorphic phase of a given material can be affected by a variety of factors, such as the solvent, evaporation rate, mass loading, deposition technique, or substrate. 1, 5, 6, [19] [20] [21] Specifically, work on the polymorphic nature of RDX has demonstrated that both the substrate and mass loading can affect the formation of the a-and b-RDX. For example, the a-RDX phase can be formed preferentially when depositing an excess amount of material onto the substrate of interest 1, 5 as demonstrated in previous research comparing drop cast crystallization and inkjet deposition. This work suggested that at low mass loadings, b-RDX was the dominate form and as the mass loading increased via a solution concentration increase (for drop cast crystallization) or by overprinting (for inkjet printing) so did the abundance of the a-phase, illustrating concomitant polymorphism. 1, 5 In another example, previous research has shown that a sieving method is capable of producing test articles in the a-RDX phase, 22 but difficulties are anticipated in extending this application to include plasticized compositions (e.g., C-4) due to the presence of the binders and plasticizers. As a result, alternative methods for phase control should be pursued.
The research described here aims to expand upon and build on previous work by exploring various solvents, deposition methods, as well as mass loadings and their effect on the polymorphic phase of RDX. 23 The sample preparation techniques that were explored in this work were drop cast crystallization, aerosol spray deposition (ASD), and dry transfer. 24 Herein, we demonstrate that the dry transfer methodology is capable of converting b-RDX to a-RDX regardless of the material (i.e., RDX versus C-4), the initial solvent used to dissolve the sample, initial deposition technique, or mass loading.
Experimental
Trace explosive residues produced via latent fingerprints have revealed that a single C-4 fingerprint can be in the mass loading range of <1-10 mg. 13, 22, [25] [26] [27] For example, Verkouteren et al. demonstrated that the fifth-generation C-4 fingerprint may have a mass load of $1.66 mg, while the 38th generation may have a total mass load of 130 ng. 26, 27 Mass loads of 1, 10, and 100 mg were selected for investigation in this study, as they are comparable to the mass loadings found in explosive-laden fingerprints.
Materials and Solution Preparation
The RDX (>98.5% purity) and the RDX-based explosive, C-4, were obtained from the laboratory's repository and were used without any further purification. This RDXbased explosive is used by the United States military and contains approximately 91% RDX, 5.3% dioctyl sebacate (DOS) or dioctyl adipate, 2.1% polyisobutylene, and 1.6% oil. 28 The pure RDX was used to prepare a RDX stock solution at a concentration of $20 mg/mL in !99.9% acetonitrile (ACN; Sigma-Aldrich) and tetrahydrofuran (THF; Sigma Aldrich), respectively. The C-4 stock solution was made at a concentration of 20 mg/mL in THF.
The RDX and C-4 stock solutions were analyzed using gas chromatography equipped with a micro-electron capture detector (GC-mECD) to ascertain the solutions' concentrations. Once the concentrations were determined, the stock solutions were diluted to prepare working solutions at 0.1, 1, and 10 mg/mL for each solvent/material combination for a total of nine working solutions. The working solutions underwent a second GC-mECD analysis to verify the solution concentration.
Drop Cast Sample Preparation
A 10 mL aliquot of the 0.1 mg/mL RDX solution prepared in ACN was deposited onto a Teflon strip (polytetrafluoroethylene [PTFE]), measuring 2.52 Â 7.62 Â 0.0381 cm (1 Â 3 Â 0.015 in., Saint-Gobain Performance Plastics Corporation) using a calibrated micropipette (Eppendorf North America). After deposition, the solvent was allowed to evaporate under ambient conditions for approximately 1 h, leaving behind 1 mg of dried RDX (the average temperature, relative humidity, and pressure during the study was $23 AE 0.8 C, 51 AE 6%, and 761.9 AE 3.0 Torr, respectively). This process was performed in triplicate and repeated for the remaining concentrations for a total of nine prepared Teflon strips for this particular solvent/material combination. Subsequently, the deposition process was repeated for the remaining solutions, providing a total of 27 Teflon strips at mass loadings of 1, 10, and 100 mg for spectroscopic analysis. The deposited volume was kept consistent using a 10 mL aliquot throughout this study to maintain similar surface coverage during the deposition process.
Aerosol Spray Sample Preparation
The ASD instrument (Prosolia, Indianapolis, IN, USA) is capable of depositing a known amount of a target compound onto a surface of interest. The target compound(s) is deposited by spraying a solution containing the compound(s) at a specified concentration through a nebulizer apparatus for a specified time at a specified location. The sample solution is flowed through a capillary with a sheath gas (e.g., compressed nitrogen or air). This process results in the aerosolization of the dissolved solute and its deposition onto the surface of interest with a nominal spread of $1 mm (for 10 mm distance between the capillary to substrate surface). The amount of compound deposited onto the surface of the test substrate (i.e., surface concentration, or S Conc. ) in a given area, in this case a square centimeter, is calculated using the simplified formula.
The sticking coefficient (S C ) is equal to the theoretical mass loading divided by the actual mass deposited on the test article surface as determined through analytical analysis. The sticking coefficient accounts for any material that does not adhere to the substrate surface during sample preparation and is used to calibrate the ASD for a particular material-mass loading-solvent combination. The calibration process ensures that the test articles are prepared at the desired mass loading and if the material, mass loading, or solvent is altered, re-calibration needs to be performed.
The syringe flow rate (S FR ) is the solution flow rate from the syringe in units of mL/min, as set by the ASD control software (Prosolia). The syringe flow rate may be altered to optimize the flow control for varying sample concentrations and various surfaces. The compound concentration (C Comp ) is the concentration of the target compound in the spray solution in units of mg/mL. The tray velocity (V T ) is the linear velocity in the x-axis direction of the two-dimensional automated stage in mm/s. The V T determines the amount of time needed to deposit the sample on the surface-the slower the rate, the more time there is to aerosolize the material, resulting in an increased mass loading on the surface of the substrate. The step size (S S ) determines the gap between the lines of the sprayed sample.
Compounds can be deposited on various substrates, such as standard glass microscope slides, aluminum panels, and Teflon strips. As long as the surface is compatible mechanically with the ASD system (e.g., the correct size and weight for the stage) and is chemically compatible with the spray solvent (e.g., the substrate surface is not dissolvable by the solvent), a compound can be deposited quantitatively onto the surface. For this study, the ASD method was used to deposit C-4 dissolved in THF onto PTFE strips quantitatively. The ASD instrument was calibrated prior to use to determine the sticking coefficient for C-4 dissolved in THF at each solution concentration. Once calibrated, the strips were prepared in triplicate at mass loadings of 1, 10, and 100 mg over a 1 Â 1 cm area for a total of nine strips. The syringe flow rate (5 mL/min), spray distance (10 mm from surface), pressure (40 psi), and gas flow rate (3 L/min, compressed air) were fixed during sample preparation. The stage's tray velocity was altered to an appropriate value based on an internal calibration to provide the correct mass loading.
Dry Transfer Sample Preparation
The dry transfer method for the preparation of explosive test articles has been described elsewhere. 24 Briefly, drop cast or ASD Teflon strips loaded with explosives were rubbed onto the surface of clean 7.62 Â 7.62 cm (3 Â 3 in.) bare aluminum substrates (ACT Test Panel Technologies Part Number: 55890, Hillsdale, MI, USA) several times with moderate pressure. This process transfers the explosive material from the PTFE strip to the surface of the aluminum panel with high transfer efficiency (typically >90%) creating a heterogeneous spatial distribution of particles. However, it should be noted that analytical verification of the post-transfer Teflon strips was not performed; therefore, a partial transfer may have occurred. Nevertheless, once the test articles were prepared, they were then subjected to Raman microscopy.
Spontaneous Raman-Scattering Measurements
A RamanRxn1 Microprobe-787 (Kaiser Optical Systems, Inc.) with optical imaging capabilities was used to collect the spontaneous Raman spectra. A near-infrared (NIR), 785 nm, 150 mW continuous wave laser beam (Invictus, Kaiser Optical Systems, Inc.) was focused with a 50Â microscope objective onto the RDX transferred to the surface of the substrate. Three randomly selected crystals were subsequently investigated using Raman spectroscopy to provide a representative understanding of the sample's phase. The scattered light was integrated for 5 s/spectra and the data were recorded using the provided Kaiser Optical Systems software operating on a dedicated computer.
Raman Chemical Imaging. The Raman chemical imaging experiments were also performed using the Raman Rxn1 Microprobe-787. In this configuration, the NIR laser was focused onto the RDX transferred to the substrate's surface. The sample was then raster-scanned over a 40 Â 40 point area, generating a Raman spectrum for each point investigated. The Raman modes that were detected at each point can then be visualized as color intensity maps allowing for the detection of patterns, which represent the distribution of crystals in either the a-or b-phase. Separate color intensity maps were created using either the ringbreathing mode at 883 cm À1 or 877 cm À1 for visualization of the a-or b-phase, respectively.
Results and Discussion
Each molecule produces a unique vibrational spectrum via spontaneous Raman scattering. The measurement provides information about the vibrational modes, the chemical structure, and possibly the conformation of the specimen. The goal of this study was to ascertain the effect of sample preparation on the polymorphic phase of RDX. In order to accurately determine the effect of sample preparation, the undissolved material was subjected to analysis prior to dissolution. Spontaneous Raman scattering measurements for the undissolved RDX and C-4 are shown in Fig. 1a and Fig. 1b , respectively. The Raman spectra for both RDX and C-4 indicate that visible quantities of these materials are in the a-phase, as shown by the ring-breathing mode at 883 cm À1 . This experimentally determined value is in corroborated by literature values at 883 cm À1 and was independent of material type (i.e., pure versus composite).
Next, the effect of mass loading and solvent deposition on the polymorphic phase of RDX-based materials was examined using Raman spectroscopy. Aliquots of RDX in ACN were deposited using the drop cast crystallization method onto Teflon strips at three different mass loadings and analyzed. Raman measurements for the pre-transfer measurements indicated that a majority of the deposited RDX at a 1 mg mass loading was in the b-phase, as shown by the ring breathing mode observed at 877 cm À1 (Fig. 1c) . As the mass loading was increased to 10 and 100 mg, concomitant polymorphism was observed in the deposited sample ( Table 1) . Observation of the a-phase with an increasing mass load supports earlier published work, demonstrating that mass load may be a key factor in producing the a-phase. 1, 5 Increasing the mass load further could allow the entire sample to be converted to the a-phase eventually, as shown in work with overprinting inkjetbased samples. 1 This conversion process can occur because the b-phase can convert to the a-phase upon touch, that is to say that the a-phase can act as a seed crystal to encourage growth of the a-phase over the b-phase. 8 The aforementioned work was performed using ACN as the dissolving solvent. Acetonitrile has a dielectric constant of 36.64 (at 293.2 K), a dipole moment of 3.924 D, and a boiling point of 354.7 K. 29 The ACN solvent used to dissolve the RDX is relatively polar, with a lower boiling point with respect to water, and these properties could have influenced phase formation during the solvent evaporation process. To investigate the effect of the solvent on the phase formation process, the dissolving solvent was changed to THF. Tetrahydrofuran has a dielectric constant of 7.52 (at 295.2 K), a dipole moment of 1.75 D, and a boiling point of 338 K. 29 These physical constants indicate that THF is less polar and has a lower boiling point when compared with ACN. The differences observed in these physical constants could play a role on the phase formation for RDX for drop cast crystallization during the solvent evaporation process. Raman measurements for the pre-transfer measurements showed that a majority of the deposited RDX (initially dissolved in THF) using the drop cast crystallization method at a 1 mg mass loading was in the b-phase, as shown by the ring breathing mode observed at 877 cm
À1
. As the mass loading was increased to 10 and 100 mg, concomitant polymorphism was observed in the deposited sample ( Table 1 ). The observation is similar to that observed with RDX deposited from ACN. The two solvents selected in this study do not appear to have a significant impact on the polymorphic phase of RDX when the same explosive was deposited. These results suggest that solvent properties may not influence phase formation to the same degree as substrate and mass loading at these low levels; however, additional work exploring other solvents would have to be explored as solvent properties can differ greatly. In addition, it should be noted that although no differences were observed based on how long a sample was allowed to evaporate for prior to analysis, variability in the evaporation time could potentially produce differences in the test articles.
Alternatively, phase formation could be affected by the purity of the material. To explore this possibility, a new C-4 solution was prepared in THF. The explosive C-4 contains $91% RDX, with the other 9% of the composition containing plasticizers and binders. 28 Phase formation could be affected by the presence of the binders and plasticizers, and this effect was observed when the C-4 dissolved in THF was deposited using the drop cast crystallization method. Raman spectra showed that drop cast crystallization produced concomitant polymorphism at all three mass 
loadings, as the ring breathing mode was observed at both 877 cm À1 and 883 cm
, depending on the crystal on the surface of the substrate (Fig. 1d, Table 2 ). As expected, these phase results were different from the earlier results obtained using pure RDX (Table 1) but could also be a function of the point-based spectroscopic collection method used. Three randomly selected areas are investigated using Raman spectroscopy to provide a representative understanding of the phase of the sample. This spectroscopy approach and the collected data suggests that a majority of the sample is in the determined phase, but imaging is required to determine the relative abundance of the different phases observed.
The effect of sample deposition was investigated to determine the effect it may have on phase formation. For previous research comparing drop cast crystallization and inkjet deposition at low mass loadings, b-RDX was the dominate form and as mass load increased, so did the abundance of a-RDX illustrating concomitant polymorphism. [1] [2] [3] [4] [5] This transition was also observed with ASD sample preparations of C-4. At the 1-10 mg mass loading, the C-4 ASD samples were in the b-phase, as shown by the ring breathing mode observed at 877 cm À1 ( Table 2) . As the mass loading was increased to 100 mg, a majority of the sample was in the a-form with only one of the replicates displaying concomitant polymorphism. This example suggests that sample preparation conditions and mass loading may be a key factor in producing the a-phase.
To further illustrate the effect of sample deposition on the polymorphic phase of RDX, additional samples were prepared using drop cast crystallization and ASD methods to determine the pre-transfer polymorphic phase. Once the initial phase was determined, the sample was transferred to a bare aluminum substrate using the dry transfer sample preparation process. Although substrate effects were not explored in this study, previous research suggests that the substrate may not play a dominate role in phase formation; 1 instead, the substrate (e.g., glass, quartz, or aluminum) serves only to stabilize the b-phase once kinetically formed. 5 Previous research work has shown that a sieving method was capable of producing test articles in the a-RDX phase, 22 but difficulties are anticipated in extending this application to include plasticized compositions (e.g., C-4) due to the presence of the binders and plasticizers. As a result, the effect of the dry transfer process on the polymorphic phase of RDX and C-4 was subsequently examined with Raman spectroscopy as the dry transfer technique is independent of the composition of the explosive and the dissolving solvent. The data ( Fig. 2c, d ; Tables I  and II) show that the dry transfer preparation method resulted in the production of a-RDX in all samples at all mass loadings. The ring breathing mode shifted from 877 cm À1 in the pre-transfer samples to 883 cm À1 in the post-transfer samples. In this study, subjecting the samples to Raman analysis did not alter the phase of the RDX crystal under investigation; therefore, it can be concluded that the phase change is a result of the dry transfer process, not from Raman analysis.
To further illustrate the capability of the dry transfer process to produce the a-RDX phase, several Raman chemical images of dried RDX (initially dissolved in ACN) at a mass loading 1 mg were obtained before and after transfer (Fig. 3) . The Raman maps show the pre-dry transfer color intensity maps for both the b-phase and a-phase of RDX on Teflon (Fig. 3a, b, respectively) . Prior to transfer, several high intensity peaks were observed at 877 cm À1 in Fig. 3a , indicating that several crystals are in the b-phase. When the same chemical image was remapped for visualization of the a-phase (Fig. 3b) , no peaks were observed as shown by the ''blank'' color intensity map. This set of images show that at this mass loading the pre-transfer sample for this preparation technique was only in the b-phase (Fig. 3a) , as there were no crystals observed in the a-phase (Fig. 3b) . Once the pre-transfer Raman chemical image was collected, the sample was subsequently dry transferred onto aluminum. An additional Raman chemical image was acquired to create the post-transfer color intensity maps for both the b-phase and a-phase of the RDX transferred onto aluminum (Fig. 3c, d, respectively) . As shown by the ''blank'' color intensity map in Fig. 3c , no peaks related to the ring breathing mode at 877 cm À1 were observed, indicating that no crystals were observed in the b-phase after the sample was dry transferred. When the same chemical image was remapped for visualization of the a-phase, several high intensity peaks were observed at 883 cm À1 in Fig. 3d indicating that several crystals are in the a-phase. This set of images shows that at this mass loading the post-transferred sample for this preparation technique was only in the a-phase (Fig. 3d) , as there were no crystals observed in the b-phase (Fig. 3c) . It is apparent from this data that only one polymorph was present at a time for the 1 mg deposit of RDX during both pre and post transfer. The data suggest that the act of the dry transfer process destabilizes the b-phase, facilitating the formation of the a-phase via several possible mechanisms. First, the act of the dry transfer process could cause a mechanical conversation to occur where the mechanical stimulation causes the polymorphic conversion from the b-to a-phase. Another possibility is that the dry transfer process may redistribute a portion of the particles on the surface of the bare aluminum. Further, the b-phase can convert to the a-phase upon touch, that is to say that the a-phase can act as a seed crystal to encourage growth of the a-phase over the b-phase. Therefore, if any of the a-phase is present, the inherent transfer process could encourage growth of the a-phase over the b-phase through contact with the seed crystals. An alternate process that could also occur simultaneously with the first and/or second process is energy based. The dry transfer process may create sufficient energy to allow the b-phase to overcome the $<5 kcal/mol energy barrier, 5, 18 allowing the thermodynamically stable form of RDX to be produced. Nevertheless, this dry transfer process should enable the preparation of RDX-based (i.e., pure and composite) test articles with the a-RDX phase, allowing accurate compilation of a spectral database and performance of limit-ofdetection experiments.
Conclusion
Raman spectra for the undissolved, visible quantities of RDX and C-4 showed that a-RDX is the dominant phase observed. However, when drop cast crystallized and aerosol-deposited C-4 and RDX samples were analyzed, the vibrational modes in the obtained spectra were indicative of concomitant polymorphism, as both the a-and b-RDX phases were present at high mass loadings. At low mass loadings, only b-RDX was present, revealing that both drop cast crystallization and ASD depositions have difficulty producing the a-RDX phase regardless of solvent or mass loading. Nonetheless, use of the dry transfer preparation method resulted in the production of the a-RDX phase. The data conclude that depositions of RDX or C-4 must be dry transferred onto a substrate to successfully create an RDX-based test article with a-phase only. This process allows the preparation of RDX-based test articles with the a-RDX phase, enabling accurate library builds and performance of limit-of-detection experiments.
